ABSTRACT As a class of capacity-approaching codes, nonbinary low-density parity-check (LDPC) codes have attracted much attention because of noticeable performance. Nonbinary LDPC-coded modulation systems which have excellent performance for high-spectral efficiency transmission are also potential schemes in the future communication system. In this paper, we propose a new construction method of quasi-cyclic nonbinary LDPC codes. Furthermore, a comparative study about the performance of various coded systems over the AWGN channel and the high-mobility channel is performed on turbo codes in LTE communications and LDPC codes in 5G standard. Simulation results show that the nonbinary LDPC-coded modulation system is effective for improving the performance of wideband wireless communication systems with orthogonal frequency division multiplexing in the high-mobility scenario.
train control system (TCS). For practical use, the nonbinary LDPC codes for high-mobility scenarios of 5G need to be easily implemented. Compared with LDPC codes with random structure, quasi-cyclic (QC) LDPC codes [9] , [10] are a class of structured LDPC codes that allow low-complexity encoding/decoding using simple shift registers [11] [12] [13] . Therefore, lots of research effort has been expended on the construction and analysis of QC-LDPC codes [14] [15] [16] [17] [18] . So in this paper, we focus on the nonbinary QC-LDPC codes and give a new construction method. Furthermore, we investigate the performance of different codes including 5G standard LDPC codes, turbo codes, and nonbinary LDPC codes with high order modulations over AWGN channels and high-mobility channels. Numerical results show that nonbinary coded modulation system outperforms the other coded modulation systems, which makes it a promising one for the future communication system in high mobility scenarios.
The rest of the paper is organized as follows. In section II, we introduce the construction of prime field based nonbinary LDPC codes. In Section III, nonbinary LDPC coded modulation systems over different channels are studied. Numerical results are presented in Section IV. Finally, Section V summarizes this paper.
II. CONSTRUCTION OF PRIME FIELD BASED NONBINARY LDPC CODES A. NONBINARY LDPC CODES
Let GF(q) be a finite field with q elements (α −∞ 0, α 0 = 1, α, . . . , α q−2 ), where q is a power of a prime and α is a primitive element of GF(q). A q-ary LDPC code C of length N and dimension K is given by the null space of a sparse M × N parity-check matrix H over GF(q), where M is the number of check equations. Consider a codeword c = (c 0 , c 1 , . . . , c N −1 ) in C, then the parity-check constraints can be expressed as
where the operations of multiplication and addition are all defined over GF(q). A (d v , d c )-regular nonbinary LDPC code is given by the null space over GF(q) of a sparse parity-check matrix H, where H has constant column weight d v and row weight d c . An irregular nonbinary LDPC code is given by null space over GF(q) of H, where H has varying column weights or row weights. If H consists of circulant permutation matrices (CPMs) of the same size over GF(q), then the null space over GF(q) of H gives a nonbinary QC-LDPC code over GF(q).
Tanner graph [19] is a simple and common way to describe LDPC codes in coding theory and it has a complete oneto-one correspondence with the parity-check matrix H of an LDPC code. We say that a cycle passes through the CPM or say the CPM is on a cycle, if the cycle in the Tanner graph of H passes through a variable node or check node in a CPM of H. A graph's girth is defined as the minimum cycle length and denoted by g. In iterative decoding, the exact likelihood probability would be yielded in the first g/2 iterations [20] . Short cycles degrade the performance of LDPC codes with iterative decoding algorithms. Thus, LDPC codes with large girth and small number of short cycles have good performance [21] . Masking is a technique that can be used to drastically reduce the number of short cycles and possibly enlarge girth [20] . In the following, based on array dispersion and masking, we propose a construction of QC-LDPC codes over GF(q).
B. CONSTRUCTION OF PRIME FIELD BASED NONBINARY LDPC CODES
As mentioned in [22] , the adjacent matrix A of the matrix H over GF(q) can be obtained by replacing the nonzero entries of H with 1. Let p be a prime number and F p be a prime field, p > 2. The adjacent matrix of a (d v , p)-regular nonbinary LDPC code of length p 2 constructed based on the prime field F p can be specified by
where for 
An algorithm for finding good column-CPM selection had been presented in [23] , and we follow it in this paper. In the nonzero field element replacement, two methods, unconstrained replacement and constrained replacement [24] , [25] 
of length 2i in the Tanner graph of
with To reduce the number of the short cycles of
by zero matrices of the same size. This replacement of CPMs by zero matrix is well known as masking [20] . Obviously, masking the matrix
results in an array of CPMs and zero matrices whose Tanner graph has fewer edges and hence has fewer short cycles and possibly larger girth. Design of masking matrices M has been investigated in [23] , [24] . But their designed masking matrices are not necessarily the best for a given parity-check matrix. Here we take both asymptotic thresholds of the masking matrices and the short cycle structures of a given parity-check matrix into account, and construct a competitive masking matrix. Then we can do it by using Algorithm 2.
We now construct a nonbinary QC-LDPC codes as follows. 
III. SYSTEM MODEL A. NONBINARY LDPC-CODED MODULATION SYSTEM MODEL OVER AWGN CHANNEL
The nonbinary LDPC-coded system model over AWGN channels is shown in Fig. 1 . Consider an LDPC code C[N , K ] of dimension K and length N over GF(q). The signal constellation S of size |S| is used in conjunction with the nonbinary LDPC code. Firstly, the information symbol sequence u = (u 0 , u 1 , · · · , u K −1 ) with u k ∈ GF(q), is encoded by the LDPC encoder into a codeword c = (c 0 , c 1 , · · · , c N −1 ) ∈ C with c j ∈ GF(q). Then, the codeword c is mapped to the constellation S, producing the modulated signal vector x = (x 0 , x 1 , · · · , x N −1 ) with x j = M(c j ) ∈ S, where M(·) stands for the signal mapping function. In this paper, without additional statement otherwise, it is always assumed that the constellation size is equal to the finite field size, i.e., |S| = q.
At the receiver, suppose that the complex signal vector x is transmitted over the additive white Gaussian noise (AWGN) channel. The received vector y = (y 0 , y 1 , · · · , y N −1 ) is then given by
where n is the circularly symmetric complex Gaussian noise vector whose entries are i.i.d with zero mean and variance N 0 /2 per dimension. After receiving y, the optimal maximum a posterior probability (MAP) detection is performed to compute the channel likelihoods for every demodulated symbol and the soft messages are then delivered from the detector to the q-ary LDPC decoder, and the iterative decoding is performed. After a preset number of decoding iterations, hard decisions on the nonbinary symbols will be made at the output of LDPC decoder.
B. NONBINARY LDPC-CODED MODULATION SYSTEM OVER MULTIPATH FADING CHANNELS 1) CHANNEL MODEL
Consider Jake's well-known model, the channel coefficients can be obtained by the normalized low-pass fading process of a new statistical sum-of-sinusoids simulation model which is defined by [28] h(t) = h I (t) + jh Q (t)
where
with
where θ , φ, and n are statistically independent and uniformly distributed over [−π, π) for all n, respectively; M s is the number of sinusoids; w d = 2π f d where f d is the maximum Doppler shift. The covariance function of h(t) can be expressed as
where J 0 (·) is the zero-order Bessel function of the first kind.
2) TRANSMISSION SCHEME
Consider a nonbinary LDPC-coded OFDM system in highspeed mobile scenario. We assume that an OFDM symbol contains N s subcarriers. At the transmitter, the information sequence is first encoded to a coded sequence c. Then the code sequence c is mapped to the frequency-domain symbols. We take N s consecutive symbols as a vector 
where F and F H represent unitary FFT matrix and unitary IFFT matrix respectively; h t is the time-domain channel matrix and H f is in frequency-domain; w t is the time-domain additive white Gaussian noise vector whose elements are i.i.d. according to CN (0, N 0 ); the frequency-domain noise W f has the same statistic properties as w t due to the unitary matrix.
3) CHANNEL EQUALIZATION
In the systems, Linear Minimum Mean Square Error (LMMSE) equalization is adopted where the equalization matrix is given by
where R is the covariance matrix with
and
So the equalization matrix is given by
in which I N s is a identity matrix of size N s . After performing equalization, the received sequence will be passed to the detector where the MAP detection is performed to compute the channel likelihoods for every demodulated symbol and the soft messages are then delivered to the q-ary LDPC decoder for iterative decoding. After a preset number of decoding iterations, finally we will get the estimated information sequences. VOLUME 6, 2018 FIGURE 2. Nonbinary LDPC-coded OFDM system over multipath fading channels.
IV. SIMULATION RESULTS
Next, we will use several examples to illustrate the performance of coded systems with various channel codes. In the following, the results presented in this section are based on Monte Carlo simulation. The numerical results are assumed over AWGN channels and multipath fading channels with using nonbinary LDPC codes, LTE turbo codes, and 5G LDPC codes. 1 In the following simulations, nonbinary LDPC decoder performs the fast Fourier transformation q-ary sumproduct algorithm (FFT-QSPA) with 50 iterations, binary LDPC decoder performs the sum-product algorithm (SPA) with 50 iterations and turbo decoder performs Max-Log-MAP algorithm with 8 iterations.
A. AWGN CHANNEL Example 1: In the simulation, we give a comparison of nonbinary LDPC code (576,288) over GF (16) proposed by our method with nonbinary LDPC code (576,288) over GF (16) constructed by PEG method. The modulation signaling is with BPSK. From Fig. 3 , it can be seen that nonbinary LDPC code proposed by our method outperforms the code constructed by the PEG method by about 0.15 dB at BER of 10 −4 . Besides, nonbinary LDPC code proposed by our method has quasi-cyclic structure and easy encoding/decoding.
Example 2: In the simulation, we use a nonbinary LDPC code (576,288) over GF (16) , a nonbinary LDPC code (384,192) over GF(64) constructed based on the above method. For comparison, the bit-error-rate performance of bit-interleaved coded modulation (BICM) systems with turbo codes (2316, 1152) and 5G LDPC code (2304, 1152) is also shown in Fig. 4 . The modulation signaling is with 16-QAM and 64-QAM. It can be seen that in BER of 10 −4 , nonbinary LDPC-coded modulation performs better than the other two systems, especially with nonbinary LDPC codes over large 1 Two base matrices are adopted for 5G LDPC codes [29] and denoted by B 5G,1 and B 5G,2 , respectively. These two matrices have similar structure. But B 5G,1 is designed for information lengths up to 8448 and code rates from 1/3 to 8/9, while B 5G,2 for smaller information lengths no more than 3840 and code rates from 1/5 to 2/3 [30] . finite field. Besides, in Fig. 4 , we also plot the coded modulation bound and the BICM bound with 16-QAM/64-QAM. It is well known that BICM system is a suboptimal one so there are gaps between the coded modulation bound and the 50998 VOLUME 6, 2018 BICM bound, which are also similar to the gaps between the nonbinary LDPC-coded modulation system and the BICM system with binary LDPC cods with 16-QAM/64-QAM. binary LDPC.
B. MULTIPATH FADING CHANNELS
In this subsection, we present some simulation results to illustrate the performance of nonbinary LDPC-coded modulatin as compared with BICM with turbo codes and 5G LDPC codes over multipath fading channel. The details of the simulation parameters used are summarized in Table 1 .
Example 3: Fig. 5 shows the BER performance of nonbinary LDPC-coded modulation system over multipath fading channel under speed 300 km/h. Consider using a 16-ary (576, 288) LDPC code and a 64-ary (384, 192) LDPC code constructed based on the proposed method with code rate 1/2. The modulation is assumed to be the 16-QAM and 64-QAM signaling. For comparison, the BER performance of BICM with turbo codes and 5G LDPC codes is also shown in Fig. 5 . From the example, it can be seen that under speed 300 km/h, nonbinary LDPC-coded modulation system has a better performance than the other two systems. And in BER of 10 −4 , nonbinary LDPC-coded modulation has gains about 0.8 dB and 1.3 dB by comparing the other two systems with 16-QAM, respectively. With 64-QAM, nonbinary LDPCcoded modulation system has gaps about 1.2 dB and 1.8 dB by comparing the other two systems, respectively.
Example 4: We now provide another example to show the good performance of nonbinary LDPC-coded modulation system over multipath fading channel under speed 500 km/h. Consider using a 16-ary (576, 288) LDPC code and a 64-ary (384, 192) LDPC code constructed based on the above method with code rate 1/2. The modulation is assumed to be the 16-QAM and 64-QAM signaling. In Fig. 6 , the BER performance of BICM with turbo codes and 5G LDPC codes is also shown for comparison. From the example, although error floor appears in high SNR region under speed 500 km/h, it can be seen that nonbinary LDPC-coded modulation system has a better performance than the other two systems. And in BER of 10 −4 , nonbinary LDPC-coded modulation has gaps about 1.2 dB and 1.7 dB by comparing the other two systems with 16-QAM, respectively. With 64-QAM, nonbinary LDPC-coded modulation system has gaps about 1.5 dB and 2.0 dB by comparing the other two systems, respectively.
Example 5: In this simulation, we provide the performance of nonbinary LDPC-coded modulation system over the multipath fading channel under speed 240 km/h with imperfect channel state information 2 (CSI). Consider a 64-ary (192,96) LDPC code constructed based on the above method with code rate 1/2. Assume that the 64-QAM signaling is used and FFT points is 1024. The bit-error-rate performance is shown in Fig. 7 . The BER performance of BICM with turbo codes and 5G LDPC codes is also shown in Fig. 7 . With imperfect CSI, nonbinary LDPC-coded modulation systems also have better correcting performance than the other two systems. It is shown that the robustness to burst errors of nonbinary LDPC codes is better than binary LDPC codes and turbo codes. 2 The estimated channel state informationh c = h c + e, where e ∼ (0, σ 2 ε ) is channel estimation error and h c is the exact transmit channel state information. VOLUME 6, 2018 TABLE 2. Computational complexities for NBLDPC-coded modulation system and binary LDPC-coded modulation system.
FIGURE 7.
The BER performance of nonbinary LDPC-coded modulation system, BICM with turbo codes and 5G LDPC codes over multipath fading channels under speed 240 km/h with imperfect CSI.
C. COMPLEXITY
In the following, we will provide a complexity comparison among the nonbinary LDPC-coded modulation and binary LDPC-coded modulation system as Table 2 . We analyze the complexity of detector and decoder based on the computation cost of check, variable, and detection nodes in each iteration. In the 
V. CONCLUSION
In this paper, we proposed a new construction method of nonbinary quasi-cyclic LDPC codes which have good performance and easy implementation. In addition, we investigated the performance of various potential codes including 5G standard LDPC codes, turbo codes, and nonbinary LDPC codes with high-order modulations and gave a comparative research of these coded systems over the AWGN channel and the multipath fading channel. Simulation results show that the nonbinary LDPC codes outperform other coded modulation systems and are effective for improving the performance of wideband wireless communication systems with OFDM in the high-mobility scenario, which makes it a promising one for future communication systems.
